ABSTRACT. Developmental changes in cystine transport occurs is during the newborn period. This "physiological" cystinby the canine kidney were examined both in vivo and in uria of the normal newborn has been noted in a number of vitro. Renal clearance studies indicated that cystine was animal species, including man (1 8). There is evidence that sugone of the more incompletely reabsorbed amino acids at gests that there is increased cystine excretion in the newborn dog birth, but its reabsorption approaches adult levels by 21 (6). Therefore, studying cystine transport in the immature dog days. Concomitantly, cystine uptake by isolated renal cor-where reabsorption is incomplete may offer insights into mechtical tubule fragments from immature dogs was slower than anisms responsible for the inherited abnormality and give inforthat by renal tubules from adult dogs. Both age groups mation concerning the nature of changes in renal amino acid rapidly metabolized the transported cystine. This metabo-transport with maturation. Because of this we have examined lism was principally to cysteine, but also small amounts of cystine handling by the kidney of the developing dog in vivo and reduced glutathione were formed from the transported by isolated renal cortical tubular fragments in vitro.
DR, distribution ratio
plasma and urinary amino acids were determined by a modification of the method of Stein and Moore (I 1) using a Beckman Model 119 C Amino Acid Analyzer employing a lithium citrate buffer system. Mongrel dogs of either sex from two different age groups, 5 to Cystinuria is one of the most common inherited transport 7 days old, and more than 1 yr old, were used for the in vitro disorders in man (1) . Individuals amicted with this disease have studies. Isolated renal cortical tubule fragments were prepared recurrent cystine stone formation and often renal damage if by a modification (8) of the method of Burg and Orloff (12) . untreated. Because of its clinical importance as well as its biolog-Uptake studies of [35S]-~-cystine using isolated tubules suspended ical significance much research has been directed at understand-in Krebs-Ringer bicarbonate buffer containing 10 mM Na+-ing cystine transport by the kidney.
acetate and 5% (vol/vol) fetal calf serum were performed in A disease occurs in many breeds of dogs which in many Burg-Orloff flasks with continuous bubbling of a 95% 02-5% respects resembles human cystinuria (2) (3) (4) (5) . In previous reports CO2 mixture (13) . from this laboratory the examination of cystinuric dogs has DR of radioactivity, cpmlml of intracellular fluid to cpm/ml shown that there is defective renal tubular reabsorption of cystine of incubation medium, were calculated as described (14) . The (2, 3, 5) . The large hyperexcretion of lysine almost invariably intracellular fluid volume was calculated as the difference beseen in the human disorder is not regularly observed in the tween the total tissue fluid, the wet weight minus the weight after canine entity. Deranged renal handling of lysine, however, can overnight dessication, and the volume of the trapped fluid. The be uncovered with lysine loading (2) .
trapped fluid space in the isolated tubules was determined with Another situation in which increased excretion of cystine [14Cl-~ol~(eth~lene glycol) as previously described (8) .
Metabolism of the transported label was determined by per-594 FOREMAN ET AL.
with 0.1 &/ml [35S]cystine plus unlabeled cystine to give the desired final concentration over the range of 0.01 to 0.7 mM. The observed transport kinetic parameters were determined from a Hofstee plot of the transport data. The best fit of these data was obtained by the least squares method using a programmable calculator. In parallel experiments, 3 mM lysine was added to determine its affect on cystine uptake. All analyses of data for statistical significance were made using Student's t test.
[14C]-poly(ethylene glycol) (2 1.7 mCi/g) and [3SS]-~-~ystine (760 mCi/mmol) were obtained from Amersham Corp., Arlington, IL. Purity of the labeled cystine was 95% or better as determined by thin-layer chromatography (I 5) and ion exchange chromatography with an amino acid analyzer (I 1). Additional chemicals were obtained from commercial sources and were of the highest purity available.
RESULTS
Renal clearance studies. The fractional reabsorption of cystine and dibasic amino acids by canine pups is shown in Table 1 . In 5-day-old dogs the fractional reabsorption of cystine was 67% of the filtered load; yet the reabsorption of the dibasic amino acids was nearly that of the older animals except for a slightly lower ornithine reabsorption. The fractional cystine reabsorption was the same as the glycine reabsorption reported earlier for the newborn dog and is among the most incompletely reabsorbed amino acids measured at this age (8) . By 21 days, cystine reabsorption was 99% of the filtered load, a value equal to adult reabsorption.
In Table 2 , the changes in plasma concentrations of cystine and dibasic amino acids with maturation are shown. One-weekold puppies had a somewhat lower plasma cystine concentration compared to adult dogs and a somewhat higher lysine concentration, but these differences were not statistically significant O, < 0.1). The largest change is a fall in plasma ornithine with maturation. The ratio of dibasic amino acids to cystine is slightly higher in the 1 wk old (7: 1) compared to the adult (5: I), but this change is not significant. Thus, it appears that the lower fractional reabsorption of cystine in the 1 wk old is related to impaired tubular reabsorption and not increased competition by dibasic amino acids. To examine this, cystine uptake was studied in *Renal cortical tubules were isolated from adult and newborn kidney and incubated for various times with 0.5 pCi/ml [35S]-~-~ystine plus unlabelled cystine to obtain the desired concentration. After incubation, the tubules were lysed in the presence of 40 mM N-ethylmaleimide to form stable adducts and thin-layer chromatography was performed on the lysate as previously described (10, 14) . The values represent the percentage + SEM of the total intracellular radioactivity found in cystine or its metabolites. (n) represents the number of determinations.
30 rnin ( p < 0.0 1 at 5 and 15 min, and p < 0.05 at 30 rnin). The uptake of 0.5 mM cystine by tubules from adult dogs was progressive and did not reach a steady-state by 60 rnin of incubation. The uptake of 0.5 mM cystine by tubules from 1-wk-old dogs was also progressive and did not reach a steady-state by 60 min. As was noted with 0.025 mM cystine, the uptake of 0.5 mM cystine by tubules from adult dogs was higher than that of tubules from 1-wk-old dogs at each time point studied and this difference was statistically significant ( p < 0.01).
Metabolism of labeled cystine. Because previous reports of cystine uptake by rat renal tubules showed extensive metabolism (13, 14) , this was studied in isolated dog tubules. The results are shown in Table 3 . With both a high and low medium concentration of cystine, the predominant fate of the transported labeled cystine was a chemical reduction to cysteine with some incorporation into glutathione in the newborn tubules. Similarly, most of the intracellular label in adult dog tubules was found as cysteine. This marked chemical reduction of the transported labeled compound is a hallmark of cystine uptake in numerous tissues from several species, including renal cortical slices from the dog (5, 7, 13, 14, 16) . Because of the extensive metabolism of transported label, a chemical gradient of cystine was not developed and the DR reflects only a radioactivity gradient.
Concentration dependence of uptake. The concentration dependence of cystine uptake was examined using tubules from adult and newborn dogs over the substrate concentration range of 0.01 to 0.7 mM. These studies were done using a time interval as close to initial rate as possible, but which would allow us to discern a variation in the uptake with a change in medium concentration (8) . The time interval employed was 5 rnin of incubation with adult tubules and 15 rnin with newborn tubules. The uptake of cystine over the 15-min time interval was linear or nearly so, allowing comparison with the uptake over 5 rnin for the adult tubules. In tubules from the adult dogs, a twolimbed curve was observed on a Hofstee plot of the data, indicating multiple transport systems for cystine uptake (Fig. 2) . The parameters describing cystine transport are shown in Table 4 . A Hofstee plot of the concentration dependence of cystine uptake by newborn tubules also gave a two-limbed curve (Fig.  3) . The apparent kinetic parameters for cystine uptake in these newborn animals are shown in Table 4 The Km values for the newborn were significantly different from the corresponding adult values for both the high affinity ( p < 0.01) and low affinity ( p < 0.01) systems. The maximal transport velocities of the newborn systems were, however, much lower than those of the adult. These much lower Vmax rates gave rise to the lower uptake values by the newborn tubules, despite the higher affinity for the carriers.
Competition with lysine. Since previous in vitro studies using isolated rat renal (14) and brushborder membrane vesicles (17) , have shown competition between lysine and cystine for the low Km system, the effect of lysine on the concentration dependence 596 FOREMAN ET AL. born animals. This has been examined in human clearance studies by Brodehl (18) and the hyperexcretion documented in the rat (13) and suggested in the dog (6) . In the present work, decreased fractional reabsorption of cystine by newborn dogs has been documented, but this rises to adult values by 21 days of age.
However, the mechanisms underlying this difference in reabsorption cannot be discerned by clearance studies. To examine these mechanisms, developmental studies of cystine transport have utilized several in vitro renal cortical tissue preparations. In earlier experiments cystine uptake by rat renal cortical slices was examined (13, 16, 19, 20) , but the cortical slice has been shown to provide an inadequate picture of cystine transport mechanisms (13, 14, 17) . Isolated renal tubule fragments, however, offer a more complete view of the processes involved (13, 14) . Indeed, the findings in isolated adult rat renal tubules parallel those obtained with brushborder membrane vesicles (17) . The method employed for isolating renal cortical tubules was originally described by Burg and Orloff (12) and yields a mixture of tubular segments and glomeruli; although, the predominant segment is from the proximal tubule (12) . Refinements of this technique have been developed which give a more enriched preparation of proximal tubules (2 1, 22) , but these newer methods have not yet been adapted to very immature animals.
In tubule preparations from newborn dogs, cystine uptake was lower than that of the adult dog, corresponding to the lower fraction reabsorption observed in vivo. From Figure I , the decreased uptake occurred at both high and low cystine concentrations. Further, this difference in uptake was noted at early time points which more closely reflect initial rates, suggesting that the impairment in cystine reabsorption by newborn dogs could be due, in part, to influx events. The lower uptake did not appear to be related to intracellular metabolism since tubules from both age groups significantly reduced cystine to cysteine.
Concentration dependence studies indicated that preparations from both age groups had two systems for cystine uptake. Therefore, the change in renal reabsorption cannot be ascribed to the acauisition of new transDort svstems with maturation. The affinof cystine uptake was examined. Lyane rgnificantly inhibited i t~' o f the sysGms fbr cystine upfake was higher than the uptake of cystine by the adult tubules, especially over the the corresponding systems, but this was offset by the lower concentration range, such that only a single transport markedly reduced maximal transport velocities of the systems in system was observed. (Fig. 2) The slope of this single line was the newborn to the systems. It appear statistically different from that ofthe low Km system ( p < O.O1), then that the increase in uptake with maturation is due mainly but it was not different from the slope of the high Km system (p to an increase in the number or efficiency of the cystine transport < 0.9). This suggested that the interaction occurred on the low sites.
Km system. Tubules from both age groups of dogs avidly reduced the With newborn tubules, lysine had a similar effect on cystine transported cystine to cysteine a characteristic of cystine transuptake (Fig, 3) . The slope of single line describing the inhibited port in 3, 143 l6). This reductive step is not cystine uptake is significantly different from that of the low Km necessary for cystine transport since brushborder membrane system (p < 0.05),. but not that of the high Km system O, < 0.5). vesicles, which lack the ability to reduce cystine, take it up (17) .
Cystine reduction may play a role in the rate at which cystine is taken up. However, the difference in the initial uptake between DISCUSSION tubules from adult dogs and immature dogs does not appear to be related to a difference in intracellular metabolism of cystine Cystine is among the group of amino acids that exhibit a lower since the transported cystine is nearly completely metabolized in fractional reabsorption and increased urinary excretion in new-both age groups.
Lysine appeared to inhibit only the high affinity system for cystine uptake in both newborn and adult dogs. Similarly, two systems for cystine uptake were noted in rat isolated renal cortical tubules and brushborder membranes of which only the high affinity system was inhibited by lysine. A shared transport system for cystine and dibasic amino acids has been postulated for the human kidney, as well, suggesting that this may be a common characteristic of the mammalian kidney (23).
However, there are differences in cystine uptake in vitro with development between the rat and dog. In the rat, higher distribution ratios were obtained in renal tubule cells from immature animals then in adult cells, especially at later time points (13) . Two systems for cystine uptake were seen in both the newborn and adult rat tubule as in the dog, but transport via the high affinity system was increased in the newborn rat (13) . Thus, the "physiological" cystinuria of the neonatal rat was not related to a lower rate of cystine influx into renal tubule cells, indicating that mechanisms other than defective brushborder transport of cystine were responsible. One such mechanism may be impairment of flux out of the newborn cell, accounting for the higher distribution ratios in the newborn rat. Decreased movement across the basolateral membrane could impede transcellular transport and net reabsorption. It thus appears that there are species differences in the maturation of the cystine transport processes. Differences in the maturational events underlying glycine (8, 24) and sugar (25, 26) uptake between rat and dog tubules have previously been described. This leads to the conclusion that there are diverse explanations for the physiological aminoaciduria in the newborn. The recent development of a technique to isolate the brushborder membrane from the newborn proximal tubule (27) and the future development of methods to isolate the basolateral membrane may offer a means to answer some of the questions raised by the isolate tubule.
